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Redox regulationAfter the engulfment of two prokaryotic organisms, the thus emerged eukaryotic cell needed to establish means
of communication and signaling to properly integrate the acquired organelles into its metabolism. Regulatory
mechanisms had to evolve to ensure that chloroplasts and mitochondria smoothly function in accordance with
all other cellular processes. One essential process is the post‐translational import of nuclear encoded organellar
proteins, which needs to be adapted according to the requirements of the plant. The demand for protein import
is constantly changing depending on varying environmental conditions, as well as external and internal stimuli
or different developmental stages. Apart from long-term regulatory mechanisms such as transcriptional/
translation control, possibilities for short-term acclimation aremandatory. To this end, protein import is integrat-
ed into the cellular redox network, utilizing the recognition of signals from within the organelles and modifying
the efﬁciency of the translocon complexes. Thereby, cellular requirements can be communicated throughout the
whole organism. This article is part of a Special Issue entitled: Chloroplast Biogenesis
© 2015 Elsevier B.V. All rights reserved.1. Introduction
Plant cells harbor two types of essential organelles, chloroplasts and
mitochondria, which both have been acquired by endosymbiotic
engulfment of once free living prokaryotes [1]. Integration of these
organelles into the cell metabolism required the establishment of com-
munication and transport pathways between host cell and endosymbi-
onts. Only few of the genes derived from the bacterial ancestors are still
transcribed and translatedwithin the organelles [2–4]. During evolution
most genes have been translocated to the nucleus and consequently the
majority of proteins have to be directed, sorted and imported post-
translationally into their destined cellular compartments [5]. To
facilitate translocation of cytosolic synthesized preproteins across the
organellar double membranes, both, plastids and mitochondria, were
equipped with multi-protein translocon complexes, providing energy
consuming but efﬁcient and adaptable translocation pathways. To this
end, the cell partly made use of existingmechanisms from the prokary-
otes, partly newpathways evolved over time. Thus, the cellular complex
communication and signaling network represents a mosaic of prokary-
otic and eukaryotic features. One of the adopted ancient mechanisms is
the communication and regulation by reduction–oxidation (redox) re-
actions, which was already present in bacteria at the occurrence of the
endosymbiotic events [6,7]. Consequently, a plethora of processes and
pathways is regulated by this chemical switch between reduced andlast Biogenesis.oxidized states of metabolites and proteins. This includes the photosyn-
thetic machinery of chloroplasts as well as the respiratory chain in
mitochondria [8]. Chloroplast photosynthesis produces reduction
equivalents in the form of NADPH as well as – potentially toxic –
reactive oxygen species, which are directly involved in signaling
processes that lead to acclimation of the whole organism in response
to environmental conditions such as light intensity or temperature.
NADPH itself in relation to its oxidized counterpart NADP+ can act as
a signalingmeans for communicating the stromal redox state to the sur-
rounding cell [9], e.g. by themalate valve [10]. By providing electrons to
various enzymes via speciﬁc transfer proteins like FNR (Ferredoxin-
NADP(H)-oxidoreductase) or FTR (Ferredoxin–thioredoxin-reductase)
NADPH inﬂuences other regulatory pathways such as the thioredoxin
system [11]. This small thiol protein de-/activates key enzymes of
many essential metabolic pathways by transferring or accepting elec-
trons and thereby forming or dissolving disulﬁde bridges within its tar-
get proteins [12]. Very prominent examples for this manner of
regulation are the Calvin–Benson-Cycle and the oxidative pentose phos-
phate cycle [13]. Another “pool” for electrons besides the Trx system set
free by the oxygen evolving complex by splitting water at the start of
the photosynthetic electron transport chain is the plastoquinone pool
(PQ), in which the reduction state itself is a critical regulator for
adapting photosynthetic activity [14,15]. To ensure proper functioning
of all organellar processes under varying conditions it is of utmost im-
portance to coordinate the post‐translational import of preproteins in
response to the plastidial andmitochondrial requirements, respectively.
Therefore, it is not only feasible but rather inevitable to integrate the
regulation of organellar protein import into the cellular redox network.
In this reviewwe are aiming to summarize the current knowledge of the
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andmitochondria.Wewill highlight differences and similarities in these
systems and extend our view to oxidative protein folding in bacteria.
2. Redox-mediated processes in bacteria and thylakoid lumen
The bacterial disulﬁde bond (Dsb) system ensures proper protein
folding in the periplasm and the involved factors have beenwell charac-
terized over thepast decades. The initially identiﬁed and central compo-
nent of this system is DsbA, a soluble protein with thioredoxin-like
features. DsbA contains a highly redox-active CXXC motif and can bind
to its substrates during their translocation into the periplasm [16,17].
In turn, DsbA is re-oxidized by DsbB, which is located in the inner
cytoplasmic membrane exposing two loops with cysteine pairs into
the periplasm. DsbB binds a ubiquinone molecule, thereby shuttling
electrons to the cytochrome c oxidase and to oxygen [18,19]. During
the folding process many proteins require more than one disulﬁde
bond to attain their native conformation. However, DsbA connects the
cysteines during translocation and thus the formation of non-native
bonds is a frequent occurrence. Consequently, the disulﬁdes must be
isomerized until the protein adopts its native conformation. The isomer-
ization is initiated by DsbC, a thioredoxin-like protein related to DsbA,
also containing a CXXC redox-active motif and promoting mixed disul-
ﬁde bondswith the falsely paired substrate thiols [20,21]. DsbG, another
thioredoxin related protein, can also function as an oxidoreductase, but
mainly seems to be involved in protecting formed thiol bonds from
oxidation [22,23]. A fourth protein, DsbD, comes into play to oxidize
DsbC. DsbD is an integralmembrane proteinwith two exposedperiplas-
mic domains. Redox-active cysteines seem to be able to accept electrons
directly from thioredoxin in the cytoplasm and transfer them to the
periplasmic domain [24,25]. This reveals a sophisticated mechanism of
shuttling electrons betweenmembranes, which is yet not fully elucidat-
ed (see Fig. 1, left panel).
Surprisingly, no homologue for DsbB is found in some bacterial
groups including Actinobacteria and Cyanobacteria, as well as in higher
plant chloroplasts. Yet, it was found that these bacteria seem to contain
a homologue of the eukaryotic vitamin K epoxide reductase (VKOR)
fused to DsbA or a thioredoxin. In eukaryotes VKOR is localized to the
endoplasmic reticulum and is required tomaintain the quinone vitamin
K in a reduced state [26]. The cyanobacterial homologue of VKOR,
SynDsaAB, is vital for optimal photoautotrophic growth and can com-
plement Escherichia coli strains deﬁcient in disulﬁde bond formation
[27].
Recently, several examples have shown that an oxidative folding
mechanism also exists in the lumen of thylakoid membranes, a chloro-
plast sub-compartment which is derived from the bacterial periplasm
[28]. Disulﬁde bonds have been analyzed in the luminal protein
FKBP13 [29], a peptidyl-prolyl cis-trans isomerase, which is known to
catalyze protein folding by activating isomerization of proline residues
[30]. Interestingly, the enzymatic activity of FKBP was shown to be
activated by oxidation, in contrast to stromal FKBP isoforms which are
activated upon reduction [31]. Moreover, FKBP20-2, a luminal photo-
system II assembly factor, contains a disulﬁde bridge, which is however
not required for activity andmay represent a structural feature [32]. In-
triguingly, a lumen localized protein with thiol-oxidizing properties has
been identiﬁed recently. The protein, LTO1 (Lumen Thiol Oxidoreduc-
tase 1) or AtVKOR-DsbA, is a homologue of the cyanobacterial fusion
protein SynDsaAB and likewise has properties of both enzymes, DsbA
andDsbB. As expected, it can complement for both proteins in E. coli. Al-
though LTO1 is dispensable for photoautotrophic growth,mutant plants
are strongly retarded in growth and especially the accumulation of
photosystem II (PSII) was found to be reduced [33,34]. The thioredoxin
like domain of LTO1 was shown to interact with PsbO, a PSII subunit of
thewater-splittingmanganese cluster, and to introduce a disulﬁde bond
in PsbO in vitro [33]. Recently, more potential substrates of LTO1 have
been identiﬁed linking LTO1 to ROS homeostasis [35] and to ABA-mediated stress response [36]. Thiol-oxidation in the lumen may be
especially important considering the reducing environment due to
high ascorbate levels [37] (see Fig. 1, right panel).
In addition to the thiol-bond forming enzymes the chloroplast
lumen also comprises thiol-reducing enzymes, with the ability to trans-
fer reducingpower from the stroma into the lumen,which are related to
the bacterial DsbD-family [38]. Two such proteins in Arabidopsis are
CCDA, a thiol-disulﬁde oxidoreductase, and HCF164, a membrane an-
chored thioredoxin-like protein. Mutants of both are deﬁcient in cyto-
chrome b6f assembly, indicating their functioning along the same
pathway [39–41]. Studies with the Chlamydomonas protein CCS5,
which is functionally equivalent to Hcf164, suggest that CCS5/HCF164
function in the conversion of apo- to holocytochrome f [42]. CCDA and
HCF164 may therefore cooperate in transferring electrons across the
thylakoid membrane to reduce luminal substrate proteins (see Fig. 1,
right panel).
3. Organellar import
As plants are sessile organisms they have to adapt their protein ho-
meostasis rapidly – not only in response to successive developmental
stages, but also to external, constantly changing environmental stimuli.
To allow the regulation of organellar functioning, the import of proteins
can be ﬁne-tuned on various levels, including redox-mediated effects
inside and outside chloroplasts and mitochondria, phosphorylation
events or alteration of the composition of the translocon complexes.
4. The disulﬁde relay in the intermembrane space of mitochondria
A number of conserved pathways are operating to target proteins
into the mitochondrial matrix, the intermembrane space (IMS) or
directly to the outer and innermembranes. The general import pathway
is conserved in all eukaryotes and uses the translocase of the outer mi-
tochondrial membrane (TOM) and the translocase of the inner mito-
chondrial membrane (TIM), including Tim17 and Tim23, in the inner
membrane to facilitate translocation of proteins into the matrix. Pro-
teins which are retained in the IMS require a cooperation of the TOM
and themitochondrial IMS assembly (MIA)machinery, in which import
and oxidative protein folding act in concert. Carrier proteins, residing in
the innermembrane, utilize the TOMcomplex and the innermembrane
translocase TIM22, whereas outermembrane proteins are insertedwith
the help of TOM and the sorting and assemblymachinery (SAM) aswell
as small TIM proteins [43]. Although several components such as the
channel protein Tom40 are highly conserved among various eukaryotic
lineages, other components have evolved in a convergent manner, an
example being the receptor protein Tom20, the function of which is
similar, but theplant andyeast ormammalian counterparts are not phy-
logenetically related [44]. Approximately 50–100 proteins are localized
to the IMS in mitochondria, which have various essential functions
ranging from metabolite and lipid transport to communication across
the membranes and apoptosis [45]. Most soluble IMS proteins lack
typical N-terminal, cleavable signal peptides and their transport
mechanism is clearly distinguished from matrix proteins [46,47].
Efﬁcient import and retention of many of these proteins relies on the
so-called ‘disulﬁde relay system’ [48]. Interestingly, well-studied IMS
proteins such as Ccs1, Sco1 [49], Cox17 [50] and the small Tim proteins
[51–53] share a helix–loop–helix structure and harbor conserved
cysteine residues appearing as either twin-CX3C or twin-CX9C motifs.
The two central and essential components of the disulﬁde relay sys-
tem in mitochondria of mammals and yeast are the oxidoreductase
Mia40 [54,55], which acts as a redox-activated intramitochondrial re-
ceptor, and the sulfhydryl oxidase Erv1 [56,57]. Reduced and unfolded
IMSproteins are translocated across the outermitochondrialmembrane
via the TOM complex and are subsequently recognized by Mia40. Simi-
lar to its substrates,Mia40 harbors a helix–loop–helix structure towards
the C-terminus, the helices of which are connected by two stabilizing
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ing groove for the substrate proteins, which are recognized via MISS or
ITS (mitochondrial IMS-sorting signal or IMS-targeting signal) se-
quences [61,62]. The N-terminal part of Mia40 comprises the redox-
active CPS motif, whereby a mixed thiol-bond with the substrate pro-
tein can be formed. Subsequently, an intramolecular disulﬁde bond is
formed in the substrate protein upon release of Mia40. Neither the sub-
strate protein bound toMia40 nor the released, but oxidized and folded
protein, is able to travel back into the cytosol. Mia40 therefore not only
acts in oxidative protein folding but also assists the translocation pro-
cess. The second important component of the disulﬁde relay system,
Erv1 serves to re-oxidize the CPC motif in Mia40. Erv1 acts as dimer
and contains an N-terminal shuttle domain and a C-terminal FAD do-
main, both comprising a conserved CXXC motif [63–65]. To re-oxidize
Mia40, the unstructured shuttle domain speciﬁcally interacts with
Mia40, initiating an electron transfer chain. After reduction of the N-
domain, electrons are transferred to the CXXC motif within the FAD
binding domain, which can then be passed on to the FAD cofactor
from where the electrons are further transferred to cytochrome c and
the respiratory chain or directly to oxygen as a ﬁnal acceptor [66–68]
(see Fig. 1, middle panel).
Although all mitochondria originate from the same endosymbiotic
event, several components of the import machinery have evolved
differently and are unique to plants, such as Tom20 and Om64, as
mentioned above [44]. Two single genes encoding Mia40 and Erv1 are
present in the genome of A. thaliana. As expected, erv1 T-DNA insertion
mutants displayed a lethal phenotype, although the cysteine motif ar-
rangement differs from the yeast counterpart [69]. Interestingly, a puta-
tive Erv1 homologue was identiﬁed in the outer chloroplast envelope
membrane in a proteomics approach, however its actual presence and
function remains to be veriﬁed [70]. Surprisingly, Arabidopsis mia40
null-mutants did not show any obvious growth phenotype. Although
the levels of several mitochondrial proteins were found to be reduced
in mia40, plant mitochondria appear to be able to run the disulﬁde
relay system without Mia40, since established substrates such as the
Tim proteins were found to import normally. Moreover, Mia40 seems
to have acquired novel functions, since it is not only targeted to plant
mitochondria, but also to peroxisomes [69].
Despite the fact that the mitochondrial IMS is derived from the
bacterial periplasm, the oxidative folding systems are not directly evolu-
tionary related, although the underlying mechanisms are comparable.
In contrast to the numerous proteins with assigned functions identiﬁed
in themitochondrial IMS, only a fewproteins have been identiﬁed in the
chloroplast IMS presumably acting in protein translocation. Additional-
ly, up to date no analogous disulﬁde system to themitochondrial IMS or
the bacterial periplasm has been identiﬁed.
5. Preprotein recognition and transport across the outer chloroplast
membrane
Cytosolic events can post‐translationally modulate the efﬁciency of
protein import. Thereby, some preproteins are phosphorylated by the
cytosolic kinases STY8, STY17 and STY46 within their presequences,
which leads to the association with 14-3-3 proteins and enhances the
import rate, especially during chloroplast biogenesis [71–73]. Initial
recognition of preproteins at the chloroplast surface is predominantly
mediated by the receptor proteins Toc159 and Toc34, which are part
of the translocon at the outer membrane of chloroplasts (TOC). Both
comprise a cytosolic GTP binding domain (G-domain), a hydrophobic
membrane anchor (M-domain) [74] and build a complexwith the chan-
nel forming β-barrel protein Toc75 [75,76]. Toc75 and its homologues
are part of the Omp85 family, also found in gram-negative bacteria
and mitochondria [77]. These Toc proteins are frequently represented
by gene families in higher plants and the individual isoforms are differ-
entially expressed and are thought to form distinct sub-complexes,
which may be involved in the modulation of protein import [78]. Forexample, Toc34 is represented by AtToc34 and AtToc33 in A. thaliana,
with AtToc33 being expressed in young photosynthetic tissues and
AtToc34 at constant levels in all tissues. In line with this, analyses of
knock-out mutants revealed a pale phenotype for attoc33, whereas
attoc34 leaves are normally developed, but show a slight defect in root
growth [79,80]. Moreover, phosphorylation of pea Toc34 and AtToc33
have been implicated to play a role in regulating Toc complex
assembly – speciﬁcally by affecting Toc34 homodimerization and
Toc34–Toc159 heterodimerization, as well as by changing their afﬁnity
to preproteins [81,82]. Although studies involving complementation
analyses with mutated AtToc33 and AtToc34 proteins have been per-
formed, the in vivo function of Toc33/34 phosphorylation is still contro-
versially discussed and the exact physiological conditions triggering the
modiﬁcation as well as the responsible kinases remain to be unraveled
[81–84]. In addition to the GTPase domain, Toc159 and its paralogues
(Toc120, Toc132, Toc90) contain an acidic extension N-terminal (A-do-
main), which signiﬁcantly differs in length in the paralogues and may
have a supportive role in speciﬁc preprotein recognition [80,85,86].
The idea of classifying preproteins according to their function, i.e. acting
in photosynthesis or as ‘house-keeping’ proteins, and the speciﬁc recog-
nition by differentially composed Toc-complexes seems tempting at
ﬁrst sight. However, only a few substrates have been identiﬁed and
the effect of transcriptional down regulation by retrograde signaling
has to be taken into account [78,87,88]. Issues addressing speciﬁc Toc
complexes, which either display preprotein speciﬁcity or tissue and
plastid-type dependent variances will undoubtedly be further investi-
gated in the future.
Next to the Toc core complex proteins a fourth protein, Toc64, was
found to be loosely associated. It comprises a tetra-tricopeptide repeat
(TPR) domain, similar to translocon components in other organelles,
such as Tom70 in mitochondria of yeast and humans or Sec72 in the
yeast endoplasmic reticulum (ER) [89–92]. Via their TPR domain these
proteins interact with the cytosolic chaperones HSP90 and HSP70,
which in turn bind to preproteins and thus allow an initial recognition
mechanism [93]. Tom70 is lacking in plant mitochondria, however, it
may be functionally replaced by Om64, a close homologue of Toc64
[94,95]. Additionally, the plant speciﬁc TPR domain containing protein
AtTPR7 has been recently identiﬁed [96]. Although AtTPR7 was initially
detected in chloroplast outer envelopes (designated as OEP61), a large
portion, if not all, is ER resident, where it is associated with the Sec
translocon and plays a role in post-translational translocation [96,97].
Chaperone-mediated recognition can be circumvented in vivo, since
single knockouts of these TPR-domain-containing docking proteins do
not show clear growth phenotypes [98]. Nevertheless, knock-out of
Om64 and the three Tom20 isoforms is lethal in Arabidopsis, although
a Tom20 triple knockout likewise has only a minor phenotype [99].6. Redox-regulation at the TOC translocon
Interestingly, all of the TOC proteins contain conserved cysteine
residues. Sequence comparisons and structural analyses revealed
seven conserved cysteines in Toc75 of ﬂowering (A. thaliana, O. sativa,
P. sativum) and non-vascular plants (Physcomitrella patens), four of
which are located in the cytosolic POTRA domain. Of the ﬁve cysteines
found in AtToc159, two are conserved in vascular and non-vascular
plants. Both Toc159 cysteines are located within the GTPase domain
and one of them is also conserved in Toc34. The crystal structure of
Toc34 demonstrates that this cysteine is located in the longest loop of
the GTPase domain in an exposed position [100]. AtToc64 comprises
10 cysteine residues, six of them conserved across the lineages and
one of them is located within the TPR domain. A role for these cysteine
residues in redox-regulation is highly feasible considering that conser-
vation of cysteines during evolution increases their likelihood of being
involved in the formation of inter- or intra-protein thiol-bonds [101]
(see Fig. 2).
Fig. 2. Conserved cysteine residues in the TOC complex components. Cysteine residues
(yellow circles) conserved among vascular and non-vascular plants are highlighted. Align-
ments for the cysteine residue identiﬁcation were performed with A. thaliana, O. sativa,
P. sativum and P. patens using CLUSTAL W.
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tained by analyzing the import of ferredoxin under reducing conditions.
It was found that the addition of DTT strongly stimulated the import
process [102]. In contrast, CuCl2, which acts as an oxidizing agent,
could prevent precursor binding and thus inhibit protein import. A
hetero-oligomeric complex was detected consisting of Toc75, Toc159
and Toc34 upon CuCl2 treatment [103]. Moreover, other reducing
agents, in addition to DTT, such as TCEP, GSH and β-ME showed the
same effect asDTT. In linewith the evolutionary conservation of the cys-
teine residues, a similar effect was observed using the moss P. patens
and the green alga Chlamydomonas for import experiments [104]. Two
dimensional redox SDS-PAGE revealed a redox-dependent oligomeriza-
tion of the TOC proteins, forming a hetero-oligomer consisting of Toc75,
Toc34 and Toc159 and additionally a Toc64 homo-oligomer. These
oligomers could be envisioned to simply block the import pore or –
alternatively or additionally – the oxidized stated of the receptor
proteins could prevent efﬁcient preprotein binding [105].
7. Translocation across the inner chloroplast membrane
Passage through the inner envelope membrane is mediated by the
TIC complex. A single protein in the intermembrane space, Tic22, has
been assigned to this translocon and supposedly keeps the incoming
precursor in an import competent state by shielding exposedhydropho-
bic residues in a chaperone-like manner [106,107]. In Arabidopsis Tic22
exists as two isoforms (Tic22-III and Tic22-IV) and a double mutant of
both isoformsdisplayed a pale phenotype and a reduction in protein im-
port [108]. Moreover, the presence of a HSP70-type chaperone in the
IMS was proposed but conclusive molecular evidence is still lacking
[109,110].
Several components of the TIC complex have been identiﬁed in re-
cent years [111] though their molecular functions are still ambiguous.
Tic110 was the ﬁrst protein to be assigned to the inner envelope
translocon [110] and is its most abundant member. The topology of
Tic110 was controversially discussed for a long time due to seemingly
contradictory experimental results from different groups. Some years
ago we could build a topological model which does justice to nearly
all published data except for the results obtained from protease treat-
ments [112]. According to this model, Tic110 is anchored in the inner
envelope membrane by two undisputed hydrophobic alpha helices lo-
cated in the veryN-terminus of themature protein (Fig. 3).While others
postulate that the C-terminus forms a huge soluble domain in the stro-
ma [113] we detected four amphipathic helices that transverse theFig. 1.Comparison of the thiol-oxidation systems in bacteria, mitochondria and the thylakoid lu
the assistance of the DsbA/B oxidoreductases (left panel). Non-native formed disulﬁde bonds
from cytosolic thioredoxin (left panel). Mitochondrial import of preproteins into the IMS is cou
the Tom40 channel and are retained in the IMS. Erv1, which contains a FAD cofactor, re-oxidize
tually oxygen (middle panel). In the thylakoid membrane a fusion protein with DsbA and DsbB
and the immunophilin FKBP13. CCDA and HCF164 are functioning in reducing luminal proteinmembrane and contribute to channel formation [114]. This model is
supported by cysteine labeling and the fact that the soluble domain of
Tic110 lacking the N-terminal hydrophobic helices can spontaneously
insert into liposomes and lipid bilayers, where it forms a cation selective
channel. The same channel activity can be observed upon isolation of
native Tic110 from inner envelope membranes (Bölter and Götze, un-
published data). Consequently, Tic110 exposes domains not only to
the stroma but also into the intermembrane space. In agreement with
all functional studies theC-terminus is located in the stromawhere it in-
teracts with chaperones such as Hsp93 and Hsp70 [111]. In that regard
it is supported by Tic40,which bymeans of two conserved Sti1-domains
acts as a co-chaperone [115,116]. Tic20 is a small integral membrane
protein, which was also shown to have channel activity [117] and is
indeed discussed as an additional protein translocation pore [118] in
concertwith Tic21. The role of the latter putative TIC subunit is quite un-
clear, since the same protein was allocated a function in iron transport
[119,120] and named Pic1. Regulatory subunits are dynamically associ-
ated with the core translocon: Tic32, Tic55 and Tic62 [105,121–123]. All
of these proteins have been found in tight association with Tic110 and
seem to be involved in redox regulation of the import process. Tic32
was detected by direct interaction with the N-terminal part of Tic110
[124], Tic55 in a complex with Tic110 isolated by BN-PAGE [122] and
Tic62 in a similarly prepared complex [125].
Quite recently, a different translocation complexwas proposed [126]
consisting of Tic20 and three newly identiﬁed proteins found in closemen. Proteins exported to the bacterial periplasmby the SecYEG translocon are foldedwith
are isomerized further by DsbC and DsbG, which are re-oxidized by DsbD using electrons
pled to thiol-bond formation assisted by Mia40. Oxidized proteins cannot slide back into
s Mia40 and transfers the electrons to cytochrome c, the cytochrome c oxidase and even-
like features, LTO1, is found. Its targets are luminal proteins such as the PSII subunit PsbO
s and both seem to be involved in cytochrome b6f assembly (right panel).
Fig. 3.Model of the classic general TIC complex. Please note that from the central channel Tic110 only one monomer is depicted for clarity. Yellow circles represent conserved cysteines
within the sequences. The surface structure of Tic22 was approximated from the PfTic22 crystal structure (PDB 4E6Z), that from the FNR dimer from the pea isoform (PDB 3MHP).
953B. Bölter et al. / Biochimica et Biophysica Acta 1847 (2015) 949–956interactionwith Tic20. A ProtA/TEV-tagged version of Tic20was used to
complement a tic20 T-DNA insertion line and to pull out associated pro-
teins by Protein G sepharose aftermembrane solubilization. Elutionwas
achieved by speciﬁc cleavage with the TEV protease, thereby avoiding
elution of unspeciﬁcally bound proteins from thematrix. A similar com-
plex was pulled out by using a tagged precursor as bait. Whereas this
complex also contained the core TOC components, no traces of Tic110
and Tic40 were reported to be present. This could indicate that incom-
ing preproteinsmight engage different complexes upon entry into chlo-
roplasts. Surprisingly, however, the same precursor construct (lacking
the TEV cleavage site) was used two decades earlier by other re-
searchers to pull down Tic110, Toc75 and Toc34 from pea chloroplasts
in close association with the preprotein [75] which raises the question
why the same chimeric precursor upon exit from the TOC complex
should travel via different TIC machineries across the inner envelope
membrane.
Setting this discrepancy aside, Tic20/Tic100/Tic56/Tic214 (=Ycf1)
were postulated to build the “true” TIC translocon (see Fig. 4). Support
for this notion was taken from the fact that all proteins seem essential
for plant viability and that the reconstituted complex showed channelFig. 4. Alternatively proposed Tic complex. Tic20 forms an oligomeric complex and interacts w
Tic214. The latter is identical to ycf1, a chloroplast encoded open reading frame with yet unknactivity in a black lipid bilayer system. As an additional argument in
favor of the new TIC complex the evolutionary conservation of Tic20
and Ycf1 was used. Oddly enough, though the evolutionary conserva-
tion of Tic20 can be well documented, the same does not apply for
Ycf1. This chloroplast encoded gene is not only missing in an important
branch of monocots, namely all grasses such as rice, maize, millet and
other crops, but likewise in several dicots [127]. It might be imaginable
that grasses eventually developed an alternative translocation system
functioning only with Tic20 and maybe yet unidentiﬁed components,
but it is absolutely implausible that within the dicots different TIC com-
plexes evolved independently many times. Thus, while Ycf1 certainly
plays an important role in chloroplast biogenesis, it might have other
functions than being a centralmember of the general import translocon.
8. Redox-regulation at the Tic translocon
In view of the observed thiol dependent activity of the TOC complex
it can be expected for this signal to be also effective at the TIC complex,
since the two translocation machineries must act in concert. A thiol-
dependent interaction between Tic110 and Tic40 has been observedith newly identiﬁed inner envelope proteins, which have been named Tic56, Tic100 and
own function.
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namics might play in vivo [116]. Tic110 itself has been found to contain
one or two regulatory disulﬁde bridges [112]. Depending on the cyste-
ines involved the formation/dissolving of such intramolecular bonds
could have immense inﬂuence on the structure and function of this cen-
tral TIC component. Hypothetically, the induced molecular movements
could lead to opening/closure of the channel and thereby regulate the
rate of incoming preproteins.Whereas the reduction/oxidation of cyste-
ines within TOC components needs to be mediated from the cytosolic
side, thiol formation in Tic110 must be conveyed by stromal proteins.
Perfect candidates for this job have been identiﬁed in the stromal
thioredoxin family, which has been demonstrated to act on disulﬁde
bonds in Tic110 [112]. Since the redox state of thioredoxins is directly
coupled not only to photosynthetic activity but also many other
redox-dependent processes in chloroplasts it is quite feasible to imagine
that a signal transportedwithin this important redox system eventually
reaches the import machineries.
Though for the intermembrane space component Tic22 no redox-
mediated modulation has been reported, it contains a well conserved
cysteine (amino acid 100 in the apicoplast crystal structure, [107]),
which could participate in intermolecular disulﬁde bonds with itself,
other not yet identiﬁed IMS residents or with Tic110 which exposes
one cysteine into the IMS (Fig. 3). Presently, however, this scenario is
a mere speculation and needs to be experimentally addressed.
Apart from the redox state of the thiol system the ratio of NADP+ to
NADPH is a directmeasure for the total stromal redox state (see above).
It critically inﬂuences many biosynthetic pathways within chloroplasts
which depend on the provision of electrons, e.g. the Calvin Benson
Cycle. For these pathways to run smoothly all the required enzymes
have to be imported at a speciﬁc rate depending on the actual need
within the organelles. Therefore, protein import activity must be
adapted according to these requirements. We and others have shown
that the stromal redox state inﬂuences the import efﬁciency of a certain
class of precursor proteins [104,128]. Consequently, some regulatory
components of the Tic translocon are dynamically associated with the
core complex in response to the stromal redox state [129]. Tic62 was
shown to shuttle from a membrane associated state at the inner enve-
lope as well as at the thylakoids to the stroma in response to changing
NADP+/NADPH ratios [129]. Since one important function of Tic62 in
vascular plants is the tethering of FNR to these membranes via speciﬁc
C-terminal motifs [130] its shuttling could critically inﬂuence electron
transfer processes from this photosynthetic enzyme to different accep-
tor proteins which in itself could constitute a signal transduction chain.
Especially the triple location at the inner envelope, stroma and the thy-
lakoids makes Tic62 a perfect candidate for mediating signal transfer
from the photosynthetically active thylakoids to the import machinery.
A second function of this protein could be a direct electron transfer onto
yet unknown acceptor proteins since Tic62 comprises an NADPH bind-
ing site and is, at least in vitro, active as a dehydrogenase [129]. Thereby,
a signal cascade consisting of electron transfer might be established
from thylakoids through the stroma to the inner envelope membrane.
Lately, another binding partner of FNR named Trol has been described
[131]. This intrinsic thylakoid protein comprises a similar single C-
terminal extension as is found in repetitive manner in Tic62 and was
demonstrated to interact with FNR [131,132]. Since a small fraction of
Trolwas reported to be localized to the inner envelope itmight also par-
ticipate in the signal transduction chain involving Tic62/FNR. Remark-
ably, the FNR binding C-terminal motif is restricted to vascular plants,
indicating that this regulatory mechanism has evolved only after plants
executed the step onto land and developed their sophisticated vascular
system. This might suggest that algae and plants still living in or close to
water such as mosses do not need to adapt their protein import activity
in response to changing stromal redox conditions.
A second protein possibly involved in redox regulation is Tic32 –
another member of a dehydrogenase family capable of transferring
electrons, which as Tic62 dissociates from the TIC complex underreduced conditions. Interestingly, Tic32 is also subject to calmodulin/
Ca2+ dependent regulation. It could be shown that calmodulin (CaM)
directly binds to Tic32 and that application of speciﬁc CaM inhibitors de-
creased import efﬁciency [123]. Thus, two very different modes of regu-
lation convene at this TIC component. The thirdmember of the so-called
redox regulon is Tic55, a Rieske protein found in close vicinity of Tic110.
It is anchored to the inner envelope by two alpha helices and exposes its
bulk into the stroma. Recently, Tic55 was identiﬁed as a potential
thioredoxin target by afﬁnity chromatography on a Trx-column [70].
While further biochemical evidence for this is still missing, it is in line
with the presence of a CXXC motif found in the stromal domain. Tic55
is an ancient protein with orthologues found in cyanobacteria and it
shows homology to the LLS1 (lethal leaf spot 1) family of oxygenases
[133].The molecular function of Tic55 is still enigmatic, though the
Rieske center should be able to accept and transfer electrons and thus
could be included in a possible electron transfer chain at the inner enve-
lope. With a glance at mitochondria where the electrons from the IMS
relay system eventually end up on the Rieske protein cytochrome c,
which then transfers them onto molecular oxygen, it is tempting to
speculate that Tic55might act in a similarmanner. Though this scenario
is by now still hypothetic it represents an elegant possibility of how to
integrate the import process into the redox regulatory network of chlo-
roplasts and the surrounding cell. This type of import regulation is clear-
ly involved in ﬁne-tuning of the process rather than representing a
molecular on/off-switch since single knock out mutants of the redox
regulon components have no reported defects in protein import (our
own unpublished data and [134,135]).Acknowledgments
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